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Introduction
Highly vascularized bone tissues (HVBT) occur in long bones of several extinct and extant vertebrate groups. These include therapsids (Ray et al. 2004 (Ray et al. , 2009 ), large pterosaurs, some basal archosaurs and some derived Crurotarsi (Ricqlès et al. 2003 (Ricqlès et al. , 2008 Padian et al. 2004; Cubo et al. 2012 ), but HVBT are most widespread in mammals and dinosaurs. Today only extant endotherms with high growth rates produce HVBT (Amprino 1947) , and thus following Case (1978) and Brown (2004) , high resting metabolic rates can be inferred for extinct taxa with HVBT.
A very common type of highly vacularized bony tissue is laminar bone (laminar or plexiform bone sensu Ricqlès 1968) . In laminar bone, the vascular canals of the bony tissues are mainly oriented circumferentially, i.e., parallel with the periosteal surface. Laminar bone is a composite tissue built up by two different matrix types Prondvai 2012, 2014) . The first matrix type secreted by stationary osteoblasts (Ferretti et al. 2002; Marotti 2010 ) forms a vascular framework of woven bone (not fibrous bone; see Stein and Prondvai 2014) . This woven bone framework provides a rapid volumetric size increase of the bone but the woven bone trabeculae are very thin, isotropic and structurally not very stable (Stein and Prondvai 2014) . This is why dynamic osteoblasts compact the tissue with a different and anisotropic bone matrix type soon after ossification of the woven bone (Ferretti et al. 2002) . The anisotropic highly organized primary bone tissue (HOPB; sensu Stein and Prondvai 2014) gradually compacts the vascular spaces. Combined, these two matrix types give the tissue all the positive aspects of both matrices. A schematic overview of laminar bone formation is provided in Fig. 1 .
Laminar bone architecture evolved convergently at least twice, namely in the ancestors of dinosaurs and those of mammals. Within dinosaurs, laminar bone is well documented from the long bones of enormous sauropods like Brachiosaurus, Barosaurus, and Dicraeosaurus (Sander 2000) , in theropods such as Coeolophysis, Allosaurus Bybee et al. 2006) and Tyrannosaurus rex , and hadrosaurs, e.g., Maiasau-ra and Hypacrosaurus (Horner et al. 1999; Cooper et al. 2008) . The Recent ostrich and emu, living relatives of dinosaurs (Castanet et al. 2000) , and several extinct birds e.g., Hesperornis (Starck and Chinsamy 2002 ) also have bones with laminar tissues. In the mammalian line, laminar bone appears in medium to large sized extinct and extant mammals (Enlow and Brown 1958) (Curtin et al. 2012) . The high growth rate of long bones with laminar bone enables animals to grow large in a relatively short time, the circular organization of the vascular canals and bony laminae providing optimal support for high strain and stress under torsional loads (Margerie et al. 2004 (Margerie et al. , 2005 . Some studies suggest that the high values of apposition rate this tissue can reach vary between 20 and 110 μm/day depending on the taxon (Castanet et al. 2000; Margerie et al. 2002; Sander and Tückmantel 2003) . Starck and Chinsamy (2002) observed that the vascular spaces are much larger than the blood vessels contained within them. We believe that the maximal size of the cells that need to pass through the blood vessels not only determines minimal blood vessel diameter, but also, perhaps indirectly, influences the minimal width of the vascular spaces. Vascular spaces are compacted through ontogeny, narrowing the space for soft tissues contained within them. Concurrently, maximal width of the vascular spaces as well as the thickness of the laminae is probably limited by the interplay between biomechanical and nutritional requirements. If the vascular canals are too wide, and the bony constituents are too thin, the bone tissue will be brittle. On the other hand, when bone laminae become too thick, the tissue will be less porous, and blood flow limited. If these hypotheses are correct, it means there are functional and biological constraints acting on the architectural dimensions of laminar bone.
In this paper, we aim to test if laminar bone histomorphometry is altogether constrained. To do this, we focussed on a particular feature of laminar bone: the lamina thickness and corresponding lamina density (LD, number of laminae per mm). The definition of one lamina follows Sander and Tückmantel (2003) and Francillion-Vieillot (1990) . This means the thickness of one lamina is defined from the centre of one vascular canal to the center of the following vascular canal as illustrated in Fig. 2 . Despite the promising preliminary results of Sander and Tückmantel (2003) on sauropod laminar bone, and the results of Curtin et al. (2012) on elephantid laminar bone, lamina density has been largely neglected in other histological investigations. Curtin et al. (2012) clearly distinguished pre-and postnatally deposited laminar bone tissues, and furthermore observed much stronger variation in the dwarfed mammoths compared to the non-dwarfed Columbian mammoth. Sander and Tückmantel (2003) studied the lamina density and the bone apposition rate in humeri and femora of five sauropod taxa (Apatosaurus, Barosaurus, an indetermined gracile diplodocid, Brachiosaurus, and Janenschia). With regard to some variation, Sander and Tückmantel (2003) found that lamina density is quite constant at 4-6 laminae per mm independent of taxon, bone, and ontogenetic age. This led to the assumption that the low variation of lamina density and thickness is a result of underlying structural formation 
Material and methods
For this study, we used long bones (humeri, femora, ulnae, and tibiae, but also metatarsals and one metacarpal) of dinosaurs and mammals for histological analysis of lamina density. Most of these materials have been described previously (e.g., Sander 2000; Klein and Sander 2008) and are kept in the thin section collection of the IPB. However, some new thin sections were made from a number of mammal long bones. Samples for these thin sections were obtained either by histological coring (Stein and Sander 2009) Thin sections were examined under a Leica DM LP 2500 polarization microscope. To provide a proper measurement of lamina density, an area of laminar bone without any anastomoses or extensive remodelling is required, with laminae parallel to each other and without extensive perturbations by features such as Sharpey's fibres or other connective fibres (Suzuki et al. 2003; Petermann and Sander 2013) . We measured lamina density from actual specimens, but also from published histological images.
LD was quantified by counting the number of laminae per mm by superimposing an stage micrometer onto the sample. A whole number of lamina was counted (usually four to five) and their total thickness measured. This number was then standardized to laminae/mm. Following Sander and Tückmantel (2003) , LD was measured in the innermost, outermost, and central parts of the cortex. In fully cross-sectioned specimens, measurements were made where possible, permitting preservation and limited remodelling. Sander and Tückmantel (2003) already found insignificant differences between different locations within one sample. Laminar density did not vary much between these zones, maximally by 3 laminae/mm, but often less. For this reason, LD for each specimen was averaged to provide a representative value. Whenever insufficient suitable locations could be identified, e.g., in some of the Plateosaurus samples, only one measurement was noted.
All measurements are in SOM: table S1. Tests for normality and statistical validation of comparisons were performed with Statistics Open For All (SOFA, version 1.3, http://www. sofastatistics.com). Reported statistics (mean, SD, etc.) were calculated from the original data, but in some cases, we also reported on statistical bins of the histograms. 
Data obtained from literature
Some additional measurements of lamina density were taken from published micrographs (SOM: table S2). Strong differences in LD were observed in some of these published specimens. An example is Herrerasaurus sp. with 17 laminae/ mm (Ricqlès et al. 2003) and Herrerasaurus ischigualastensis with 11.2 laminae/mm (Starck and Chinsamy 2002) . It is difficult to say whether or not these variations reflect individual differences, especially without full control over sample location, and sometimes lacking further information on the specimen. Therefore these theropods were excluded from the analysis, but will be accounted for in the discussion. Measurements of elephantid LD in Curtin et al. (2012) , with control over element, element length and sample location were used in our analysis.
Results
Variation within specimens and specimen average LD.-As mentioned in the Material and methods section, variation within specimens was low, and lamina density values were averaged for each specimen.
Comparison of LD between taxa
Variation among dinosaurs.-The frequency distribution of LD of dinosaurs (Fig. 3) Variation among mammals.-Initial inspection of the distribution of mammal LD (Fig. 4) does not show a definite normal distribution as for the dinosaurs. However, the distribution passed the test for normality (p <0.05; mean = 4.154 laminae/mm; SD = 1.517 laminae/mm; skew = 0.964 and kurtosis = 0.289). Some of the larger mammal 2-2.9 3-3.9 4-4.9 5-5.9 6-6.9 7-7.9 8-8.9 9-9.9 10-10.9 taxa (e.g., Equus and Mammuthus) have a very low LD in a range of 2-4.3 laminae/mm. Only the domestic and the feral Sus scrofa form outliers, with very high LD of 7-8.5 laminae/mm.
Variation between dinosaurs and mammals.-The combined distribution of mammal and dinosaur lamina density (Fig. 5) failed the ideal normality test. However, most real-world data sets with as many results (134) 
LD as a function of femur length
Scaling and ontogenetic effects may interfere with LD comparison, so it is necessary to test for correlation with body size. We used femur length as a proxy for body size (Anderson et al. 1985; Seebacher 2001) . For a sensible comparison, only those taxa were included for which a minimum of four known femur lengths were available. This excluded all the mammals, and reduced the sample to one basal sauropodomorph and four neosauropod dinosaurs: Plateosaurus, Barosaurus, Camarasaurus, Apatosaurus, and the diplodocids. In Fig. 6 , LD of these five taxa is plotted against the respective individual femur lengths. Among the neosauropods in our analysis, LD remains almost constant, with little variation between 4 to 6.5 laminae/mm with increasing femur length. Nonetheless, a tendency of decreasing LD with increasing femur length may be present (Slope = -0.001; Intercept = 5.61; Pearson's R statistic = -0.372, two-tailed p = 0.052). The LD of the basal sauropodomorph Plateosaurus is striking, showing very strong variation. A first impression may be the strong decrease of LD with increasing femur length, but with only four data points, a regression analysis would be meaningless, and a clear trend cannot be predicted.
Discussion
Dinosaur lamina density.-Sauropodomorph LD follows a normal distribution, with the most frequent LD between 4-6 laminae/mm, independent of sampled taxon or element. This supports the hypothesis of Sander and Tückmantel (2003) that structural constraints shape laminar bone in sauropods. However, Plateosaurus (a basal sauropodomorph), Isanosaurus, and two other indeterminate basal sauropods are strong outliers. Isanosaurus (Buffetaut et al. 2000) and the indeterminate basal sauropods were all found in terrestrial sediments of the Upper Triassic to Lower Jurassic Nam Pong Formation of Thailand. The affinity of the basal sauropods is still uncertain, and they may or may not be related to Isanosaurus. Either way, their high LD values (6 to 10 laminae/mm) indicates that the basal sauropod(omorph)s in general have more, but thinner laminae than the more derived sauropods. 2-2.9 3-3.9 4-4.9 5-5.9 6-6.9 7-7.9 8-8.9 9-9.9 10-10.9 dinosaurs mammals Frequency Lamina density (laminae/mm) Mean mammal lamina density differs significantly from mean dinosaur lamina density (independent t-test, t = 5.928; p <0.001). A non-parametric alternative suggests an equally significant difference between the medians (Mann-Whitney U statistic = 752.0; two-tailed p value <0.001). For discussion of these results, please refer to the main text. Despite the presence of laminar bone histology in some individuals, Plateosaurus had a lower growth rate than most sauropods (Klein and Sander 2007) . Sander et al. (2004) suggested that a growth rate acceleration took place at the base of Sauropoda. This could imply that the thinner laminae of basal sauropodomorphs and basal sauropods are associated with a lower volumetric expansion rate of the laminae. Among derived sauropods, Phuwiangosaurus also has relatively high LD (7-9 laminae/mm). Klein et al. (2009) suggested that Phuwiangosaurus had a lower growth rate than other neosauropods of comparable size, which may support the hypothesis that lamina thickness is related to growth rate.
The dwarfed sauropod Europasaurus is considered a sister taxon of Brachiosauridae but more derived than Camarasaurus, and most likely adapted to the life on an island by decreasing its growth rate . Contrary to Camarasaurus with 4-6.5 laminae/mm and Brachiosaurus with 5-6.3 laminae/mm, Europasaurus has generally higher lamina density (6-7 laminae/mm), which might also be associated with a lower growth rate. However, if a strict linear correlation exists between bone growth rate and LD, a LD similar to that of Plateosaurus would be expected for Europasaurus. Lamina densities for these taxa overlap, but the LD of Europasaurus is on average still lower compared to the similar sized Plateosaurus. Possibly also a phylogenetic constraint limits the increase of LD in this dwarfed sauropod. A single sample, which was not included in the analysis, of the dwarfed ornithopod Telmatosaurus (Tibia FGGUB R.7) has an average LD of 6.3 laminae/mm. This is similar to the LD in Europasaurus, but further measurements of large ornithopods are needed to make any further inferences about the influence of the evolution of nanism.
Mammal lamina density.-The domestic and feral form of Sus scrofa can be considered outliers compared to the whole dataset. Their much higher LD (6.5 up to 8.5 laminae/mm) than other mammals remains unexplained. The wild boar has slightly higher LD than the domestic pig, perhaps an effect of domestication and higher growth rate. Nevertheless it is certainly of interest for future studies to explore whether other mammal groups generally have lower LD than artiodactyls.
Comparing LD of dinosaurs and mammals.-Mammal LD averages in the same bins (4-4.9 and 5-5.9 laminae/ mm) as that of sauropods. A statistical comparison, however, shows that despite these similar values, the means are significantly different. The dinosaur sample was biased for sauropods, whereas the mammalian sample was taken from different mammal subclades, but had a comparatively low sample size. Ideally, more theropods and ornithischians of different body sizes would be included, as well as more artiodactyls and perissodactyls. Pending access to further specimens, this will be the subject of another paper. An alternative explanation for the observed differences may be convergence in the tissues of mammals and dinosaurs. The difference in the means of the two distributions is slightly more than one standard deviation. The convergently evolved laminar bone tissues of dinosaurs and mammals thus have mean LD very close to each other, which suggests structural and biological limiting factors constrain the dimensions of the vascular spaces. The vascular spaces certainly have a lower size limit, in order to allow a supply of blood in the tissue. Sander and Tückmantel (2003) also suggested that only a specific range of thicknesses may provide mechanical stability in the tissues. If these variables were known, it would thus be possible to calculate a theoretical maximal LD (cf. Mishra and Knothe Tate, 2003) . The reason for the low variation in LD may thus be found in the formation principles of laminar bone (Stein and Prondvai 2014) . Here we predict that the low variation of LD applies to all laminar bone of large bodied sauropods. Unfortunately, our sample size is too small to predict if the same is applicable for specific mammal groups, and further testing is necessary.
Dependency of LD on femur length.-The slight decrease of LD with increasing femur length in sauropods may indicate a requirement for thicker laminae at larger body sizes. The strong variation in LD of the basal sauropodomorph Plateosaurus compared to the sauropods suggests that throughout sauropod ontogeny, high adult body weights mean that LD experiences stronger histomorphometrical constraints. The sudden drop in LD through the ontogeny of Plateosaurus may represent a threshold body size in this taxon where lamina thickness increase is required. Plateosaurus has been found to have strong developmental plasticity in adult body size compared to the more derived sauropods (Sander et al. 2004; Sander and Klein 2005) , therefore a higher variation of LD in this taxon is not so surprising. Unfortunately, the preliminary data for Plateosaurus restrict us from making further claims. A topic for further study is whether other basal sauropodomorphs (e.g., Massospondylus) and any other dinosaurs also have such high LD. Interestingly, the LD data from published micrographs of Allosaurus are as high as those of Plateosaurus, and Herrerasaurus and Coelophysis even exceed the high LD of Plateosaurus. The overall smaller body sizes of these non-sauropod dinosaurs further suggests an adult body size-driven threshold for the low variation in the LD of sauropods in general. Curtin et al.'s (2012) observation that LD varies greatly in dwarfed mammoths compared to large-bodied taxa, furthermore suggests structural constraints operating on the formation of laminar tissues at large body size. An alternative explanation for the observed decrease in LD of sauropods may be an increase in growth rate up to the point of sexual maturity (cf. Lehman and Woodward 2008 and Sander 2008) .
Conclusions
This study aimed to gain further insight into lamina thickness and lamina density in the convergently evolved laminar bone of dinosaurs and mammals. LD does not vary with taxon or element. Mean mammal and dinosaur lamina thickness is significantly different, but biased (mostly sauropods in the dinosaur group) and limited sampling (mammal sample significantly smaller than dinosaurs) may have influenced this result. Further sampling of theropods and ornithischian dinosaurs as well as more perissodactyls and artiodactyls may significantly alter these results. Our results for the sauropod sample, however, support the hypothesis of Sander and Tückmantel (2003) that LD is underlined by structural constraints. High LD outliers like Plateosaurus may be correlated with a lower growth rate, or developmental plasticity. A lower growth rate may also be the cause of high LD of the titanosaur Phuwiangosaurus (cf. Klein et al. 2009 ). Among mammals, the suids (domestic pig and wild boar) form outliers as well. The LD in these artiodactyls is higher than in other mammals, but more specimens are needed to test whether this is a general feature of artiodactyls. Comparison of LD in dinosaurs and mammals shows low variation despite convergence of laminar tissues. We speculate that structural and biomechanical as well as vascular and nutritional demands limit the variation of LD (see also Mishra and Knothe Tate 2003; Margerie et al. 2005 ). LD does not change drastically with femur length, although there is a slight decreasing trend. As observed in Plateosaurus and other non-sauropod dinosaur samples, an adult body size-driven threshold may cause low variation in sauropod LD. Among sauropods, a barely significant decrease in LD through ontogeny may represent an increase in growth rate before reaching sexual maturity.
